ABSTRACT. By using a complex of DNA, polyethylenimine and chondroitin sulfate, the in vivo transfection of early secretory antigenic target-6 (ESAT-6) gene into tumor cells was found to cause significant suppression of the tumor growth. In order to apply the method in clinical cancer treatment in dogs and cats, mechanisms underlying the suppressive effects were investigated in a tumor-bearing mouse model. The transfection efficiency was only about 10%, but the transfection of ESAT-6 DNA nevertheless induced systemic immune responses against ESAT-6. By triple injection of ESAT-6 DNA at three day intervals, the tumor was significantly reduced and almost disappeared by 5 days after the start of treatment, and did not increase for more than 15 days after the final treatment. In the immunohistochemistry, a larger number of dendritic cells (DCs)/macrophages expressing ionized calcium-binding adapter molecule 1 and CD3 + T cells was observed in tumors treated with ESAT-6 DNA, and their population further increased significantly by day 5. Moreover, the amount of tumor necrosis factor, which is an apoptosis-inducing factor produced mainly by DCs/macrophages, was greater in the ESAT-6 DNA treated tumors than in controls, and increased with repeat of the treatment. These results indicate that in vivo transfection of ESAT-6 DNA into tumor cells elicits significant inhibition of tumor growth by inducing potent activity of innate immunity mediated by DCs/macrophages, which may be followed by adaptive immunity against tumor associated antigens, elicited by the costimulation with ESAT-6 antigen.
Although immunotherapy is a relatively new approach for treating tumors, it has already become an important part of treatment of many cancers. For an immune response to take place, a stimulating molecule must be recognized as a foreign object. Tumorassociated antigens (TAAs) appearing in tumor cells are believed to be appropriate targets for anti-cancer immunotherapy, and have been used in immunotherapeutic strategies against tumors. Tumor antigens are broadly classified into two categories according to their patterns of expression: shared non-mutated self-antigens that are overexpressed in cancer cells relative to normal cells, and tumor specific mutated antigens, so-called neoantigens. Preclinical and clinical evidence increasingly suggests an important role of mutant neoantigens in antitumor immunity [15] . These are expressed only on tumor tissues, so that T cells against the neoantigens are not subject to central immunological tolerance. In most cases, however, tumors have only non-mutated self-antigens, and lack expression of neoantigens capable of generating effective immunity. In such patients, defect in neoantigens on tumor cells impairs the efficacy of immunotherapy.
To treat tumors not presenting neoantigens, we have developed a novel "artificial neoantigen strategy". In this strategy, tumor cells are transformed so as to express highly immunogenic antigens from pathogenic microorganisms as "artificial neoantigens", by means of in vivo transfection with plasmid DNA complexes [7, 21] . In a previous study, we chose "early secretory antigenic target-6" (ESAT-6), an antigen of Mycobacterium tuberculosis, as the artificial neoantigen [7] . ESAT-6 has unique properties which may promote immune-stimulation as "exogenous danger signals". ESAT-6 includes epitopes having high affinity for major histocompatibility complex (MHC) Class I [14] and Class II [12] . ESAT-6 has been shown to directly bind to Toll-like receptor 2 (TLR-2) [13] . ESAT-6-binding to TLR-2 stimulates macrophage activation and the secretion of tumor necrosis factor-alpha (TNFα) and monocyte chemotactic protein-1 [10] . ESAT-6 induces interleukin (IL)-6 and transforming growth factor-beta production in dendritic cells (DCs) through interaction with TLR-2, and generates an environment that promotes the differentiation of T helper-17 cells [1] . ESAT-6 could also induce differentiation of DCs from bone marrow. During the course of differentiation, proinflammatory cytokines such as TNFα, interferon-gamma (IFNγ) and IL-12 were secreted from the DCs [9] .
In the previous study [7] , in order to examine the antitumor efficacy of ESAT-6 gene transfection, we injected intratumorally with a plasmid coding for the microbial antigen into tumor-bearing animals. High antitumor efficacy was observed, although the detailed mechanism is not clear. Antitumor effects should not be caused by the cytotoxicity of ESAT-6 or the transfection reagents themselves, because transfection of the cells with the ESAT-6 gene caused only slight toxicity and cell death in vitro.
In the present study, the mechanism of antitumor effects induced by transfection of the "artificial neoantigen" was studied by observing an accumulation of immune cells in the tumor tissue, and measuring the cytokine levels in the tumor after the ESAT-6 gene transfection.
MATERIALS AND METHODS

Animals and tumor cell line
The study protocols were approved by the animal experiment committee of Osaka Prefecture University (approval #28-23). C57BL/6 (B6) mice were purchased from Japan SLC Inc. (Hamamatsu, Japan). The mice were maintained under specific pathogenfree conditions. They were euthanized if the tumor mass grew greater than 20 mm, by anesthesia with sodium pentobarbital (200 mg/Kg, intraperitoneal injection) or by isoflurane followed by cervical dislocation. The B6-derived melanoma line B16 was obtained from the RIKEN BioResource Center (Tsukuba, Japan) and maintained in RPMI 1640 supplemented with 10% FBS, 100 U/ml penicillin, and 100 µg/ml streptomycin (henceforth, RPMI medium).
Preparation of DNA and vehicle for in vivo transfection
As DNA to be transfected, we prepared expression plasmid, pcDNA 3.1/myc-His (+) with ESAT-6 DNA or cDNA of green fluorescent protein (GFP). For in vivo transfection, the vehicle was constructed as described by Koyama et al. [5, 7] , by mixing the plasmid DNA with chondroitin sulfate sodium salt (CS: Seikagaku Corp., Tokyo, Japan) and polyethylenimine "Max" (PEI: Polyscience, Inc., Warrington, PA, U.S.A.): the DNA/CS/PEI complex.
Treatment of mice
B16 cells (2 × 10 6 ) suspended in 0.1 ml Ca 2+ , Mg 2+ -free phosphate buffered saline, pH7.4, (PBS (−)) were injected subcutaneously into the backs of B6 mice. Treatments began 5 days after the injection, when the diameter of the tumors was 5-6 mm (day 0). To determine the transfection efficiency, the GFP-DNA/CS/PEI complex containing 100 µg DNA was injected into the tumors on day 0. After 48 hr, the mice were euthanized with sodium pentobarbital followed by cervical dislocation, and the tumors were collected. To determine the immune response against ESAT-6 antigen, the ESAT-6-DNA/CS/PEI complex containing 100 µg DNA was injected into the tumor on day 0 and day 3. Peripheral blood of the mice was collected to determine the response against ESAT-6 on day 5 from the vena cava under anesthesia with isoflurane, using a heparin-treated 23G-needle and a 1 ml-syringe. In the experiments on tumor growth, the ESAT-6-DNA/CS/PEI complex containing 100 µg DNA was injected into the tumor on day 0, day 3 and day 6. The tumor size was measured 2-3 times per week. The tumor volume (cm 3 ) was calculated according to the formula: (longest diameter) × (short diameter) × (short diameter) × 0.5. In the immunohistochemistry, the ESAT-6-DNA/CS/PEI was injected into the tumor on day 0 and day 3. The mice were euthanized on day 1 or day 5 to collect tumor. In the experiments on cytokine production in tumors, the ESAT-6-DNA/CS/PEI was injected every other day. Tumors were collected at the day after second or fifth injection, to study the typical status in the early phase after treatments. For all experiments, as controls, PBS was injected into tumors the same as the ESAT-6-DNA/CS/PEI.
Examination of transfection efficiency
The transfection efficiency was determined by counting the GFP-expressing cells against all cells in the field of the frozen sections, using confocal laser microscopy (EZ-C1 3.90, Nikon Corp., Tokyo, Japan). Experiments were performed using three mice in each treatment group. Three sections were made from the tumor of each mouse. The cells in three or four high-power (×400) fields were counted in each section. A total of more than 1,000 cells was counted for each tumor.
Examination of immune response against ESAT-6 antigen
Peripheral blood (0.2 ml) was collected from the treated mice and incubated in tubes in the presence or absence of antigens of doi: 10.1292/jvms.17-0466
Mycobacterium tuberculosis including ESAT-6 (QuantiFERON ® TG Gold, Japan BCG, Tokyo, Japan). Following overnight incubation at 37°C, plasma was collected after centrifugation at 2,000 g for 15 min. As immune responses, IFNγ in the plasmas was measured using a mouse IFNγ Quantikine ELISA Kit (R&D Systems, Inc., MN, U.S.A.).
Immunohistochemistry
Immunohistochemistry were performed as described previously [18] , using rabbit plyclonal antibodies against ionized calcium-binding adapter molecule 1 (Iba1: Wako, Osaka, Japan), which is a marker of macrophage and DCs [2, 8] , human CD3 (Dako, Tokyo, Japan), human CD20 (Thermo Fisher Scientific, Waltham, MA, U.S.A.) and human granzyme B (Spring Bioscience, Pleasanton, CA, U.S.A.), which is a marker of cytotoxic lymphocytes (CTLs) and natural killer (NK) cells [17] . Cross reactivity of these antibodies to the corresponding mouse antigens was confirmed by the manufacturers. Experiments were performed using four mice in each treatment group. The numbers of positive cells were counted in five high-power (×400) fields selected randomly. Results were expressed as the mean for the four tumors.
Detection of cytokines in tumors
The concentrations of TNFα, IFNγ, IL-12, IL-6 and IL-10 in lysate of tumors were determined as reported by Cook et al. [3] using a detection kit (BD Cytometric Bead Array (CBA) Mouse Inflammation Kit, Becton Dickinson Biosciences, San Jose, CA, U.S.A.) and a flow cytometer (FACS Canto II, Becton Dickinson Biosciences). The lysate was prepared by homogenizing the tumor tissue in a 1.5 ml-microtube, followed by centrifugation.
Statistics
Comparison of more than three parameters was performed by 1-way analysis of variance followed by the Tukey-Kramer test. Student's t test for unpaired samples was used for comparison of two parameters. Differences between groups were taking as significant at P<0.05.
RESULTS
Transfection efficiency of the DNA vehicle into tumor cells
The transfection efficiency of the DNA/CS/PEI complex was investigated before the examination of its therapeutic effect. As it was found that the expression of transfected gene was maximal at 48 hr after injection the DNA/CS/PEI complex [6] , the efficiency was studied using the tumor samples collected at 48 hr after injection. As shown in Fig. 1 , the transfection efficiency of the DNA vehicle into B16 cells was 12.3%.
Significant enhancement of ESAT-6 specific immune response by the ESAT-6 DNA treatment
To examine whether the transfected ESAT-6 DNA induces a specific immune response against the corresponding antigen, peripheral blood was collected from the treated mice and the response against ESAT-6 antigen was determined. As shown in Fig. 2 , the response of peripheral blood cells to ESAT-6 antigen was significantly enhanced in the ESAT-6 DNA group.
Significant suppression of tumor growth by the ESAT-6 DNA treatment
As shown in Fig. 3 , B16 tumors in the control group injected with PBS immediately and significantly increased in size, and reached the chosen end point no longer than 18 days after the start of treatment. In contrast, the tumors in the ESAT-6 DNA treated group were almost completely suppressed for 21 days, and increased gradually thereafter, but did not reach the end point before 45 days after the start of treatment.
Effect of the ESAT-6 DNA treatment on infiltration of immune cells
The dynamic state of the infiltrated cells was studied using tumors collected either one day after first treatment (day 1) or two cells in the day 5 tumors of the ESAT-6 DNA group was significantly greater than in the day 1 tumors of the same group (Figs. 4  and 6C ). But the number of CD3 + cells did not significantly differ between the day 5 and the day 1 tumors of the PBS group. The day 5 tumors of the ESAT-6 DNA group had more granzyme B-expressing cells than the day 1 tumors of the same group. However, the numbers were very small and therefore did not significantly differ (Figs. 4 and 6D) . The infiltrated CD20 + B cells were very few in all samples (data not shown).
Effect of the ESAT-6 DNA treatment on cytokine production in tumors
As shown in Fig. 7A , as with the number of Iba1+ cells, production of TNFα in the ESAT-6 DNA-treated tumors increased with a repeat of the treatment, and was always higher than in the PBS-treated tumors. Small amounts of IL-12 were observed in the later period in both the ESAT-6 DNA-and the PBS-treated tumors (Fig. 7B) . IFNγ was produced in the ESAT-6 DNA-treated tumors, but did not increase with a repeat of the treatment (Fig. 7C) . Relative amount of IL-6 was detected in both the ESAT-6 DNA-and PBS-treated tumors. But the amount did not increase with repeating the treatments (Fig. 7D) . 
DISCUSSION
In order to overcome the weak immunogenicity of tumor, studies were performed to induce expression of immunogenic antigens on tumor cells by transfecting genes so as to provide an "artificial neoantigen" such as adenovirus death protein or ESAT-6 [7, 21] . ESAT-6 epitope expressed by the ESAT-6-transfected tumor cells would trigger maturation of antigen presenting cells (APCs). The activated APCs are also expected to take up TAAs and elicit strong priming against the TAAs. In the present study, transfection of ESAT-6 DNA using the DNA/CS/PEI complex elicited the ESAT-6 specific immune responses and potent suppression of tumor growth as soon as 5 days after treatment (Figs. 2 and 6A ). However, transfection efficiency of the transfection system was only around 10% (Fig. 2) . These results suggest that the effect of immune response elicited by transfection of ESAT-6 DNA takes effect earlier and more effective than expected [4] if the responses were due merely to the mechanism of adaptive immunity described above.
Exosome, which is a highly efficient transporter, has been reported to be important in tumor antigen presentation [20] and activation of immune responses against tumor [19] . It also contributes to immune activation by antigens of M. tuberculosis [16] . We previously found that exosomes collected in vitro from B16 melanoma cells transfected with ESAT-6 DNA significantly enhanced immune responses not only against ESAT-6 but also against untransfected B16 cells. Moreover, the exosome significantly suppressed the growth of the untransfected B16 tumor in vivo [5] . These observations imply that exosomes produced by the ESAT-6 DNA-transfected tumor cells significantly enhance immune response against TAA as well as ESAT-6. This role of exosome may partially contribute to the higher efficiency in tumor suppression than expected from the low transfection efficiency.
In the immunohistochemistry, Iba1 + macrophages/DCs significantly increased by the ESAT-6 DNA treatment and solely correlated with the inhibition of tumor growth. Studies of the cytokine in treated tumors revealed that the production of TNFα correlates significantly with the number of Iba1 + cells infiltrated. This in turn is in inverse relationship with the volume of tumor. TNFα produced by activated DCs/macrophages is central to inducing apoptosis of tumors [11] . Indeed, many of cells observed around Iba1 + cells showed characteristic of apoptosis. ESAT-6 protein and its degraded peptides, as danger signals, have properties that induce activation of macrophages/DCs in a TLR-2-dependent or independent manner. These observations together indicated that the immediate decrease in tumor volume following the ESAT-6 DNA treatment is due to apoptosis which was mediated by innate immunity exerted by activated DCs/macrophages. Therefore, this mechanism is considered to be main explanation for the significant reduction of tumor in the early phase of the treatment though transfection efficiency was not so high.
The effect of the ESAT-6 on the suppression of the tumor growth was maintained more than 15 days after the final treatment with ESAT-6 DNA. In addition, INFγ, which is a typical activator for Th1 immune response, was detected in the ESAT-6 DNA- treated tumors, but not in the PBS-treated tumors. In our previous study, exosomes derived from the ESAT-6 DNA transfected tumor cells also significantly enhanced immune responses against the TAAs [5] . The suppressive effect in the later period is therefore believed to be due to the adaptive immunity, in which immune cells are primed in the manner described above and respond against TAAs. Overall, the in vivo transfection of ESAT-6 DNA into tumor cells elicits significant inhibition of tumor growth by immediately inducing potent activity of innate immunity mediated by DCs/macrophages in response to the ESAT-6 signal; this may be followed by adaptive immunity against TAAs. Study is now underway to apply the gene therapy to clinical treatment against cancer in dogs and cats.
